During dusk and dawn, the ambient illumination undergoes drastic changes in irradiance (or intensity) and spectrum (or color). While the former is a well-studied factor in synchronizing behavior and physiology to the earth's 24-h rotation, color sensitivity in the regulation of circadian rhythms has not been systematically studied. Drawing on the concept of color opponency, a well-known property of image-forming vision in many vertebrates (including humans), we consider how the spectral shifts during twilight are encoded by a color-opponent sensory system for non-image-forming (NIF) visual functions, including phase shifting and melatonin suppression. We review electrophysiological evidence for color sensitivity in the pineal/parietal organs of fish, amphibians and reptiles, color coding in neurons in the circadian pacemaker in mice as well as sporadic evidence for color sensitivity in NIF visual functions in birds and mammals. Together, these studies suggest that color opponency may be an important modulator of light-driven physiological and behavioral responses.
Introduction
Virtually all organisms modulate their behavior and physiology (including rest-activity cycles, feeding, metabolism, immune function, hormone secretion, and cognition) according to time of day, as defined by the Earth's axial rotation. Critical components of this modulation are the sensory input pathways that entrain internal biological clocks to external time. The German word zeitgeber ('time giver') is used to refer to diurnal cues in the environment that are detected by these pathways and thus act to synchronize endogenous circadian rhythms to external time. Circadian rhythms persist in the absence of zeitgebers, but run at their own intrinsic period that is typically either slightly shorter or longer than 24 h (Wever, 1979) . While temperature (e.g. Pittendrigh, 1960; Sweeney and Hastings, 1960) , food availability (e.g. Brinkhof et al., 1998) , and social interactions (e.g. Ehlers et al., 1988) can reset the circadian clock, light remains the best-studied and, under most circumstances, the most influential zeitgeber.
Studies of circadian photosensitivity have largely investigated the role of changes in light intensity, which is the more prominent diurnal characteristic of environmental illumination. Recent findings suggest that this is only one part of the picture: In mice, changes in the color of the ambient light can contribute to entraining circadian rhythms (Walmsley et al., 2015) . This is accomplished using color opponency in which the signals from two different photoreceptor classes with different spectral tuning are subtracted, thereby encoding changes in the relative wavelength content of the light that occur during dusk and dawn.
While systematic comparative surveys of color sensitivity for imageforming-vision (e.g. Menzel (1979) for invertebrates, and Jacobs (1993) for mammals) show that color vision is extremely widespread, few investigators have examined color sensitivity for circadian regulation. That color opponency can be used to provide a marker of twilight for circadian entrainment has been suggested previously (Donley, 1975; Ekström and Meissl, 2010; Fleissner and Fleissner, 2002; Korf et al., 1981; Morita et al., 1987b; Roenneberg and Foster, 1997; Solessio and Engbretson, 1993) . As discussed below, color opponency appears to be a pervasive feature of the sensory systems involved in non-imageforming (NIF) visual functions in many organisms, indicating that it may be a key adaptation to the signals available from the photic environment predictive of important diurnal events such as the timing of twilight.
Here, we synthesize disparate sources of evidence indicating that systems for measuring color may be a conserved component of the photic input pathways controlling circadian clocks across the animal kingdom. As a departure point, we will describe the changes in the intensity and color of natural illumination taking place throughout the day (Section 2). We will then consider how these changes could be encoded, and describe in detail the properties of a color opponent system (Section 3). Next, we will turn to organisms employing a coloropponent encode to regulate their diurnal behavior, or having color-opponent circuitry in organs thought to be involved in it, spanning fish, amphibians, reptiles, and birds, and point out that wavelength-specific opponent behavior already exists in unicellular organisms (Section 4). We will then review evidence for color coding in the photic control of the mammalian circadian system and consider in particular sensitivity to color in human circadian rhythms (Section 5). Finally, we consider future directions for studying color sensitivity in NIF visual functions in humans (Section 6).
2. The photic environment: light-dark cycles and spectral dynamics of twilight As the Earth rotates around its own axis, the ambient light undergoes predictable changes in intensity and spectrum as a function of solar angle. During the day, the ambient light is 1,000,000 to 100,000,000 times brighter than at night. On a clear night, starlight provides an illuminance of about ∼0.001 lx, while moonlight is about ∼0.2 lx; by comparison, sunlight may reach up to 100,000 lx. The ambient light intensity at a given point during the day depends on the atmospheric conditions and may vary at fine time scales due to cloud cover and atmospheric turbidity. In addition, light availability will also fluctuate substantially as organisms move in and out of shaded areas (Peirson et al., 2009) .
The ambient light intensity changes systematically around twilight (Daan and Aschoff, 1975; Kern, 1992) : The intensity decreases (at dusk) or increases (at dawn) as a function of solar elevation angle relative to the observer (Fig. 1a, b) . After the sun has set below the horizon during twilight (θ s < 0°) and no provides direct illumination, the light in the sky results from refraction and scattering of sunlight in the upper atmosphere, providing nonetheless moderate illumination. Twilight can be separated into three distinct phases by solar angle and the prevailing visibility conditions due to the illumination level (Fig. 1a, b ): Civil twilight (-6°< θ s < 0°), when terrestrial objects can be identified and distinguished, nautical twilight (-12°< θ s < -6°), when only the outlines of objects are visible, and astronomical twilight (-18°< θ s < -12°), when the illumination is dark enough such that stars and other astronomical objects can be seen in the sky (United States Naval Observatory Astronomical Applications Department, 2005).
During twilight, not only the intensity of the illumination changes, but also the spectral composition and apparent color (Fig. 1c) , giving rise to colorful phenomena visible to the human eye at dusk and dawn such as the yellow arches during civil twilight, and the purple-red sky during nautical twilight (Lee, 1994; Lee and Hernandez-Andres, 2003; Lynch and Livingston, 2001) . A typical twilight spectrum is blue shifted compared to the daylight spectrum (Le Grand, 1968) , with peak power at around 455 nm (Fig. 1c; McFarland and Munz, 1976; Palmer and Johnsen, 2014; Spitschan et al., 2016; Sweeney et al., 2011; Walmsley et al., 2015) . These spectral shifts are robust as a function of lunar phase until the sun has set 8°below the horizon (Palmer and Johnsen, 2014) .
Resetting the circadian clock with color

Encoding 'color'
Changes in the spectral composition of the ambient light are predictive of the onset of dawn and dusk. However, a single photopigment or photoreceptor class is unable to track changes in spectral composition and dissociate them from the changes in intensity which occur concurrently around dawn and dusk. This is a direct consequence of the principle of univariance formulated by Rushton (1972) : A single photopigment class cannot distinguish between a change in intensity at a given wavelength and a change in wavelength at a given intensity. In other words, individual photopigments are "color blind", as the generated output signal could be elicited by many different relative spectra of appropriately adjusted intensity, or in the more trivial case, two monochromatic lights of different wavelengths to which the photopigment is equally sensitive. To detect changes in spectral composition unambiguously, it is therefore necessary to compare the activity of two photopigments against each other. In such a color opponent system, outputs from different photopigments are subtracted from one another, such that stimulation by some narrowband wavelengths yields an excitatory response, while other wavelengths yield an inhibitory response. This enables a color opponent system to encode changes in the spectral composition of a spectrally complex light (such as daylight) (Fig. 2) .
One potential advantage of using a color opponent code to track twilight (Fig. 2) is that differencing signals from two photoreceptors eliminates shared noise (Buchsbaum and Gottschalk, 1983) : A subtraction operation between two signals corrupted by the same noise (e.g. a variation in overall intensity of the signal) will remove the noise, a procedure termed common-mode noise rejection in engineering contexts. Such shared noise could arise from intensity fluctuations due to cloud cover or 'behavioral noise' introduced by moving between shaded and unshaded areas (Peirson et al., 2009 ). In turn, opponency effectively removes information that is common to both photoreceptors, thus reducing redundancy and maximizing information transmission (Atick et al., 1992; Buchsbaum and Gottschalk, 1983; Lee et al., 2002) .
Color opponent codes in image-forming vision
Color opponent coding is well documented in the visual systems of many different species and in many visual structures associated with image-forming vision, including the retina, the lateral geniculate nucleus (LGN) and visual cortex (see Jacobs (2014) and Lee (2014) for a historical review). It is a characteristic of the visual systems of species of at least six mammalian orders (Jacobs, 2014) . Beginning in the 1950s, color opponency was characterized in the fish retina by Svaetichin and co-workers (Daw, 1968; MacNichol and Svaetichin, 1958; Svaetichin, 1956; Svaetichin and Macnichol, 1959; Svaetichin et al., 1965; Wagner et al., 1960) (Fig. 3a) , as well as single units in the LGN in primates characterized by De Valois and colleages (De Valois et al., 1966; De Valois et al., 1964; De Valois et al., 1958) and by Hubel and Wiesel (Wiesel and Hubel, 1966) ; early work also found color opponency in neurons in monkey visual cortex (Motokawa et al., 1962) . Color opponency in primates arises as early as in the retinal ganglion cells (De Monasterio and Gouras, 1975; De Monasterio et al., 1975a,b; Gouras, 1968; Hubel and Wiesel, 1960) . In many cold-blooded animals including turtles (Twig and Perlman, 2004; Ventura et al., 2001) , frogs (Ogden et al., 1985) , fish (Govardovskii et al., 1991) , the phylogenetically older horizontal cells are color opponent (see Twig et al. (2003) for an extensive review). Horizontal cells in primates are color-selective (i.e. receive cone-class specific input), but not color-opponent (Dacey et al., 1996) . Furthermore, bipolar cells in fish (Kaneko and Tachibana, 1983; Shimbo et al., 2000) , turtles (Haverkamp et al., 1999) and mice (Breuninger et al., 2011) have been found to be color-opponent.
It is worth noting that while most focus has been on opponency between different cone classes, there is emerging evidence suggesting that there might also be circuitry for opponency between rods and cones. A recent study (Joesch and Meister, 2016) found rod-cone opponency in transgenic mice; there is furthermore behavioral evidence for cone-rod opponent color discrimination under mesopic conditions in marine mammals (Oppermann et al., 2016) . In humans, there is evidence for rod-based contributions to color vision in normal observers (Zele and Cao, 2014) , and evidence for color matching and wavelength discrimination in blue cone monochromats under mesopic illumination mediated by the interaction of rods and S cones (Alpern et al., 1971; Reitner et al., 1991) .
Evolution of color opponent processing
Behavior synchronized to the spectral composition of the ambient light is already present in simple unicellular organisms. The archaeon Halobacterium migrates vertically in water toward light, a behavior called phototaxis (Hildebrand and Schimz, 1986) . This response depends on the spectral composition of the ambient light: The archae migrate towards the water surface in orange light and away from the surface in UV light, presumably to protect its DNA from damage from UV irradiation (Spudich, 1993) . This behavioral phenotype is indicative of a simple form of "non-neural" color opponency, or at least the capability of controlling locomotion by some form of spectral discrimination to adapt to the ambient light. Halobacterium salinarium possesses two rhodopsins, which are coupled to a flagellar motor, in which phosphorylation of a protein causes switching of the rotation direction (Hoff et al., 1997) , thus causing upward or downward vertical movement depending on the activated photopigment.
The dinoflagellate Gonyaulax polyedra also appears to be able to discriminate between long and shorter-wavelength light (Roenneberg and Hastings, 1988) . Specifically, pulses of red light lengthen its circadian period, while pulses of blue light shorten it. This is consistent with the presence of two peaks (475 nm and 650 nm) in the action spectrum for circadian phase shifting of luminescence in these algae . The presence of simple but spectrally specific and opposite responses in procaryotes indicates that using photopigment interactions to adjust behavior and/or physiology depending on the spectral composition of ambient light is an evolutionarily ancient strategy.
In vertebrates, at least two neural color opponent coding strategies have evolved to endow the sensory systems regulating circadian photoentrainment with color sensitivity. The first strategy is the more commonly found and studied one: photoreceptors with two spectrally different photopigments synapse onto an interneuron (e.g. bipolar cell, horizontal cell, or retinal ganglion cell) with opposing sign, such that one signal excites and the other signal inhibits the target neuron. The second strategy is far less common and has so far only been experimentally demonstrated in the lizard parietal eye and does not involve an interneuron (Solessio and Engbretson, 1993) ; instead, photopigments are co-localized within one cell and produce a hyperpolarizing or depolarizing response, respectively. Current evidence supporting the roles of such color-coding systems in vertebrate circadian photoentrainment is presented below.
Testing for color opponency in NIF visual function
There are multiple strategies for determining whether an organism is sensitive to color (Jacobs, 1993) . At the neural level, the existence of neurons comparing signals from two photopigments (such as coloropponent retinal ganglion cells) is a prerequisite for all color vision. Importantly, the presence of multiple spectrally distinct photopigments is a necessary, but not a sufficient condition for color vision. For example, the mantis shrimp has 12 distinct photoreceptor classes spanning the entire spectrum (Cronin and Marshall, 1989) , but remarkably poor wavelength discrimination (Thoen et al., 2014) . Instead, direct psychophysical, physiological, and behavioral tests need to be carried out to establish that an organism is sensitive to color. Determining color sensitivity is complicated by the fact that it may depend on the overall light intensity or adaptation state of other photoreceptors (e.g. S-OFF inputs to luminance in humans (Ripamonti et al., 2009 ), 'concealed color opponency' in primate RGCs (De Monasterio et al., 1975a)). A common experimental approach is action spectroscopy (Peirson et al., 2005) , in which the spectral sensitivity of a criterion non-imageforming visual response (e.g. the suppression of the hormone melatonin by exposure to light) is measured using monochromatic or narrowband lights presented against a dark or very dim background. Owing to the possibility that chromatic sensitivity is only revealed under appropriate light or chromatic adaptation conditions, action spectroscopy may not represent an adequate tool to rule out the influence of photoreceptor inputs or combinations thereof into a given visual response. It is conceivable that chromatic effects would be masked when narrowband steps are presented against a dark background and would be revealed when incremental narrowband light pulses against a neutral or lightadapted background are measured. As a consequence, if the action spectrum (measured from the dark) of visual response is consistent with the action of only a given photopigment, it does not follow that this is the only photopigment contributing to the response in all situations (e.g. under different chromatic backgrounds).
Chromatic circadian photosensitivity in lower vertebrates
Pineal photosensitivity in fish and amphibians
Nearly all vertebrate species possess a pineal organ which contains extraretinal photoreceptors and provides a pathway through which light can regulate daily cycles in physiology and behavior (Dodt and Meissl, 1982) . The existence of pineal photosensitivity driving circadian rhythms in vertebrate species suggests the semi-independent evolution of image-forming and non-image-forming photosensitive organs, although interestingly, pineal photosensitivity has been lost in mammals.
In the early 1960s, Dodt and Heerd (1962) investigated the photosensitive properties of pineal neurons in frogs (Rana temporaria) and found two classes of photosensitive cell types: chromatic cells which were inhibited in their spiking by short-wavelength (UV) light (∼355 nm) and excited by long-wavelength light (∼517 nm), and achromatic cells which respond in only one fashion to light (with peak sensitivity ∼560 nm). This effect was also demonstrated for the slow potentials of pineal cells in frogs (Baumann, 1962; Donley, 1975) . Later work in Rana esculenta found that the overall response of the frog pineal organ depends on the balance of inhibition and excitation from the two opponent photoreceptors (Baumann, 1962; Meissl and Donley, 1980) . Color opponent neurons have also been demonstrated in the pineal of bullfrogs (Rana catesbyana; Morita, 1969) and toads (Xenopus laevis Daud; Korf et al., 1981) .
In fish, chromatic responses have been documented in the pineal of rainbow trout (Salmo irideus; Morita, 1966) , pike (Esox Lucius; Falcón and Meissl, 1981) , and lamprey (Lampetra japonica; Morita et al., 1987a; Uchida and Morita, 1994) (Fig. 3b, c) . The inhibitory component peaks at around 360 nm for trout, pike and lamprey, while the excitatory component has maximal sensitivity at 530 nm (trout), figure. All references to colors refer to the light used in the experiments described.) 620 nm (pike), and 525 nm (lamprey). In the lamprey, the proportion of color-opponent cells is much smaller than achromatic cells (e.g. two of 40 surveyed cells in Morita (1966) ) and chromatic cells appear to be more common in the periphery (Uchida and Morita, 1994) of the lamprey pineal. Lampreys possess at least two paranopsins differing in their spectral sensitivity, providing a molecular basis for the chromatic antagonism (Koyanagi et al., 2015) .
It is important to remember that the presence of chromatically sensitive neurons in the pineal organ or other neural structures does not necessarily mean that chromatic signals in the environment are used to adapt behavior to a diurnal rhythm or otherwise changing spectral information. Interestingly, pineal organs appear to project to downstream brain targets which are also innervated by signals from the lateral eyes (Korf et al., 1998) . This suggests that the retinal photoreceptors also play a role in NIF visual functions and information from both retinal and extraretinal photoreceptors may take place to signal color and/or intensity of the ambient light. Thus, the in vivo response to changing color and intensity of the ambient light may be mediated by the mixed action of retinal and extraretinal photoreceptors.
Two studies examining the action spectrum for melatonin synthesis in the pineal in trout and zebrafish using monochromatic light against darkness found no strong evidence for an inhibitory interaction between two photopigments (Max and Menaker, 1992; Ziv et al., 2007) . However, as mentioned above, action spectroscopy does not rule out chromatic sensitivity under light adaptation.
To examine whether changes in the color of ambient illumination can reliably entrain locomotor activity rhythms in fish (Pauers et al., 2012) , fish of two cichlid species (Aequidens pulcher and Labeotropheus fuelleborni) were subjected to illumination cycles which were controlled in their chromatic content and luminance. Under naturalistic illumination conditions, in which both luminance and chromaticity underwent changes, the animals showed a diurnal or crepuscular pattern. When luminance (as defined by the photon catch of melanopsin) was held constant and only the color of the illumination (i.e. the balance between L + M and S excitation) changed, the animals surprisingly showed a similar pattern of activity, indicating that changes in luminance are not necessary to induce natural circadian behavior. When the fish were subjected to only intensity changes, but not color changes, they showed structured activity patterns but these were quite unlike the ones seen under natural illumination cycles, turning the fish into nocturnal (rather than diurnal or crepuscular) animals. This seems to suggest that in these animal species, spectral changes are necessary and sufficient to produce appropriately phased rhythms in behavior. Yet it is worth noting that the stimulation conditions in Pauers et al. (2012) only controlled the activation of the retinal photoreceptors, and did not consider extraretinal photoreceptors which are common in fish (see Kingston and Cronin (2016) for a review). As discussed above, both retinal and extraretinal photoreceptors may contribute to circadian regulation, and as a result, the effects attributed to changes in color may actually have been caused by modulations in effective irradiance.
In both amphibians and fish, circannual and even circalunar variations in the proportion of retinal visual pigments have been found, which may represent long-term adaptations to the changing spectral composition of the photic environment throughout the seasons (Allen, 1971; Allen et al., 1982; Allen and McFarland, 1973; Beatty, 1969; Bobbert et al., 1978; Himstedt, 1973; Himstedt et al., 1981; Lang, 2008; Muntz and Mouat, 1984; Nosaki, 1969; Whitmore and Bowmaker, 1989) , but how these may influence the diurnal regulation of restactivity cycles is unknown.
Chromatic antagonism in parietal eyes in lizards
Some lizard species have a parietal eye in addition to their lateral eyes (Dodt and Meissl, 1982) . These eyes are located in a small foramen between the parietal bones and are equipped with a cornea, a lens and a retina. Cells in these parietal eyes exhibit color opponency in some species (Lacerta sicula campestris, Dodt and Scherer, 1968; Iguana, Hamasaki, 1969 ; Anolis carolinensis, Jenison and Nolte, 1980) (Fig. 3d) . The opponency arises from the action of two pigments, a blue pigment (pinopsin) and a green pigment (parietopsin), and two Gprotein signaling mechanisms (one for each pigment) in the photoreceptors themselves (Su et al., 2006) . The blue-pigment pathway produces a hyperpolarizing response, while the green-pigment pathway produces a depolarizing response (Solessio and Engbretson, 1993; Su et al., 2006) (Fig. 3e) . In iguana, pinopsin (blue-sensitive) is replaced by parapinopsin (UV-sensitive), endowing the animal with UV sensitivity (Wada et al., 2012) . Notably, not all lizard species have parietal eyes, and the presence of a parietal eye seems to be correlated with the latitude in which they dwell (Gundy et al., 1975) , suggesting that key information in the photic environments may be contained in the irradiance at high latitudes. We do not know (yet) whether the intracellular opponency is important for the diurnal control of physiology and/or behavior.
The presence of two photopigments in one cell with opposing outputs may be unique to lizards. Co-expression of two different photopigments in a single cone occurs in some mammals such as rabbits, guinea pigs and mice (Applebury et al., 2000; Lukats et al., 2002) as well as in the fetal retina in humans (Xiao and Hendrickson, 2000) , but in none of these cases is there any evidence that the two photopigments yield opposing intracellular responses.
Birds
Birds under near-continuous lighting conditions in the Arctic exhibit a diurnal pattern of behavior (Marshall, 1938) . In the high Arctic summer, color temperature undergoes predictable changes, ranging from approximately 7000K ('cool white') during the day to lower color temperatures around 3000K (yellowish) (Krüll, 1976) , while the normal intensity changes occurring at twilight are largely attenuated. Both snowbuntings (Plectrophenax nivalis), local to the Arctic, and greenfinches (Carduelis chloris), which are native to lower latitudes, appear to synchronize their nest feeding activity with the solar cycle under these conditions (Krüll, 1976; Krüll et al., 1985) . In a laboratory study, chaffinches (Fringilla coelebs) exhibit partial but incomplete synchronization to a light regimen with changing color temperature (2900K:3400K and 2900K:5600K at 2.5 lx, 12h:12h) (Krüll et al., 1985) . Interestingly, the entrainment to the color temperature cycle appears to be mediated by the presence of sexual hormones: Castrated chaffinches under a 2900K:5600K cycle have a free-running rhythm, but entrain their activity to the color cycle upon treatment with testosterone (Krüll et al., 1985) .
In the laboratory, the locomotor rest-activity patterns of zebrafinches (Taenipoygia guttata) (Demmelmeyer and Haarhaus, 1972) entrain to a color cycle of 2900K:3400K (400 lx, 12h:12h). Bramblings (Fringilla montifringilla) and common redpolls (Carduelis f. flammea), two bird species which breed in Scandianvia and Russia and migrate to Southern Europe for the winter, photoentrain to a schedule of lights at different color temperatures (2500K:5000K , 12h:12h), as well as narrowband blue (440 nm) and red (650 nm) at equal energy (Pohl, 1999) . Lapland longspurs (Calcarius lapponicus), a species of arcticbreeding migratory songbirds, did not entrain to a similar light regime at relatively bright light (6500 K:3500 K at 780 lx, 12h:12h) (Ashley et al., 2014) .
In summary then, there is evidence that daily changes in the color of ambient illumination could contribute to daily regulation of physiology and behavior in a range of avian species. An important caveat here, however, is that the lighting conditions employed by these studies were quantified solely in terms of color temperature and illuminance, both of which are meaningful only with respect to the human eye. Birds possess both extraretinal photoreceptos and have multiple retinal photoreceptor types whose spectral sensitivity deviates from the human conebased visual system (Bennett and Théry, 2007) . As such, the effective irradiance (or apparent brightness) of spectrally distinct lights could be quite different for birds even if matched for illuminance. Consequently, the lightning conditions employed by the above studies most likely provided changes in both apparent color and irradiance, rendering the specific contribution of putative color-opponent mechanisms uncertain.
Chromatic circadian photosensitivity in mammals
Color opponent cells have been found in the visual systems of at least six orders of mammals (Jacobs, 2014) : Primates (e.g. vervet monkeys, baboons, squirrel monkeys, spider monkeys, marmosets, Cebus monkeys, and howler monkeys), rodents (e.g. ground squirrels, tree squirrels, guinea pigs, and mice), lagomorpha (e.g. rabbits); carnivora (e. g. domestic cats), scandetia (e.g. tree shrews), and diprodonta (e.g. tammar wallabies). Few studies have examined the role of color in circadian photosensitivity or photic control of the rest-activity cycle. There are, at present, only a small number of published studies (Geetha et al., 1995; Joshi and Chandrashekaran, 1985a; Nuboer et al., 1983; Walmsley et al., 2015) with varying depth and precision in controlling the excitation of the photoreceptors. These will be reviewed in the following.
Circadian phase shifting by color in lower mammals
In cave-dwelling bats (Hipposideros speoris), pulses of blue (430 nm) and green (520 nm) light matched in corneal irradiance have opposing effects at a given circadian time (Joshi and Chandrashekaran, 1985a) . Circadian time (CT) in this context refers to the phase of an organism's internal time: CT0 refers to the beginning of the subjective day, while CT12 is the beginning of the subjective night. At CT2, CT4, CT12 and CT18, blue light delays circadian phase in this species, while green light advances circadian phase. This is consistent with a color-opponent mechanism with two photopigments.
Later work found differences in circadian phase shifting for different types of white light of different spectral composition in the same species (Joshi and Chandrashekaran, 1985b) . Fluorescent light and daylight delayed circadian phase when delivered during the subjective night, while, incandescent 'white' light evoked advances in circadian phase of approximately equal amplitude magnitude (∼90 min) when delivered during the subjective night (CT12-24). While both natural daylight and the fluorescent lamp had relative peaks at around 430 nm and 600 nm, the incandescent light, though broadband, had peak power at around 600 nm and was relatively depleted of short-wavelength light. While light intensity in this study was matched in terms of illuminance for a human observer (∼1000 lx), it seems implausible that an intensitydependent mechanism insensitive to spectral shifts would yield phase advances for some values and phase delays in another when the light is delivered at the same CT.
At least some bats have both a long-wavelength sensitive pigment and a short/UV sensitive pigment (Muller et al., 2009; Wang et al., 2004) which may be the photoreceptive substrate for the colordependent circadian phase shifting, but this is merely speculation. Notably, these bats are cave-dwelling and experience illumination only when they leave the cave for foraging in twilight. Locomotion within the dark cave and under starlight or moonlight condition is presumably mediated strongly by echolocation rather than image-forming vision. The presence of an opponent processing system for photoentrainment in a non-visual animal suggests the evolutionary eminence of such a color coding scheme (Joshi and Vanlalnghaka, 2005) .
In wild rabbits (Oryctolagus cuniculus), increments of blue light are more effective in delaying and advancing locomotor activity than blue decrements, and vice versa for yellow increments and decrements (Nuboer et al., 1983) . This is consistent with the presence of two classes of cones in the rabbit retina from which signals are compared in an opponent fashion. Indeed, the rabbit retina contains RGCs with S-ON center and M-OFF surrounds (Caldwell and Daw, 1978) , as well as two types of RGCs with an S-OFF center and M-ON surround differing in their stratification (Mills et al., 2014; Vaney et al., 1981) , providing a retinal mechanism for the sensitivity to blue/yellow decrements.
Most recently, Walmsley et al. (2015) set out to test the sensitivity of the mouse circadian system to changes in color information. A subset of neurons in the central circadian pacemaker (suprachiasmatic nucleus: SCN) of the mouse were found to be sensitive to color, receiving inputs from UV and M cones. Both blue-ON/yellow-OFF and yellow-ON/blue-OFF responses were found, though there was a bias towards cells of the former type in the sampled cell population. These color-opponent cells also integrate melanopsin signals, and respond to a simulated color and irradiance shift corresponding to the natural twilight dynamics by a proportional increase in firing as a function of solar elevation in the range −8°and 4°, indicating that these color-opponent cells integrate both color and irradiance to signal twilight. Importantly, it was also found that housing under a light regimen containing only the irradiance signal resulted in a different circadian phase in entrainment than under a light regimen including naturalistic changes in color as well. This effect was absent in mice lacking cone photoreception. This suggests that cone-mediated color information provides a strong signal for circadian phase entrainment.
Whether this color sensitivity is inherited from color-opponent RGCs or arises from local differencing with the SCN is not yet known. Interestingly, the importance of color information in circadian entrainment and driving SCN firing is not mirrored in the mouse imageforming visual system: Psychophysically, mice appear to have weak color sensitivity in wavelength discrimination (Jacobs et al., 2004) , and the proportion of cone-opponent RGCs is very small (Ekesten and Gouras, 2005) , though rod-cone opponent responses have recently been reported (Joesch and Meister, 2016) .
There is likely considerable variation between mammalian species in terms of whether an animal's circadian system is endowed with color sensitivity, and understanding the nature of such variability would yield valuable insight into the adaptation of their circadian visual system to the photic environments. How the organization of circadian photosensitivity differs across mammalian species and with differences in geographical and temporal niche is not known. It is estimated that ∼90% of mammalian species contain at least two photopigments (Jacobs, 2013) , which suggests that one prerequisite for color opponency, namely the presence of two spectral classes of photopigments, is at least widespread among mammals.
Spectral opponency in melanopsin-containing ipRGCs in primates
In the macaque retina, the melanopsin-containing intrinsically photosensitive retinal ganglion cells (ipRGCs), which project (amongst other targets) to the SCN (Hannibal et al., 2014) , are principally monostratified, sending their axons to either the inner or the outer stratum (Dacey et al., 2005; Hannibal et al., 2004; Hannibal et al., 2014; Liao et al., 2016) . Electrophysiological recordings from macaque ipRGCs retrogradely labeled from the pretetcum and thalamus, revealed strong melanopsin-mediated intrinsic activity, but also positive synaptic inputs from L and M cones and rods, and negative synaptic input from S cones (Dacey et al., 2005) , rendering them color-opponent in a yellow-ON, blue-OFF fashion. It should be noted, however, that there are various subtypes of ipRGCs in mice and rats which differ in their projection sites and physiological properties (Hu et al., 2013; Schmidt et al., 2011; Schmidt and Kofuji, 2010) . Insofar as a full characterization of ipRGC subtypes and their heterogeneity in the primate retina is currently lacking, we do not know yet if all primate ipRGCs receive S opponent input, or if their synaptic inputs differ as a function of eccentricity.
In humans, the pupillary light reflex (PLR) is controlled by an Scone opponent circuit, such that an increase in S cone stimulation leads to a paradoxical dilatatory response (Spitschan et al., 2014; Cao et al., 2015) . Therefore, the S-cone opponency found in primate ipRGCs in is preserved in at least one non-image-forming visual function in humans. By contrast, in mice, S cones provide on-excitation to the pretectal olivary nucleus (PON) and drive pupil constriction (Allen et al., 2011) , suggesting chromatic controls on the pupil may differ substantially across mammalin species. Nonetheless, based on the above, one way that color could contribute to primate circadian regulation is as follows: An increase in S cone excitation dilates the pupil, and therefore the retinal irradiance is larger than for stimuli providing weaker S cone activity. Given the relatively small dynamic range over which the human pupil can change retinal irradiance (< 1 log unit of change in retinal irradiance between maximally constricted and maximally dilated, Barlow, 1972) , such a mechanism is unlikely to exert a major influence on circadian photosensitivity, however. As before, the demonstration of color-opponent circuitry is necessary but not sufficient for color sensitivity in circadian regulation. We do not know yet if the S cone-opponent ipRGCs project to the SCN and if this color sensitivity is preserved beyond the RGC level.
5.3. Photosensitivity in melatonin suppression and circadian phase shifting in humans 5.3.1. Melatonin suppression Over the past 20years, considerable attention has been directed towards assessing the sensory signals regulating melatonin secretion in humans, an aspect of physiology under control of ipRGCs and the SCN (Foster et al., 2007) . In the early 2000s, two independent efforts to determine the spectral sensitivity of acute melatonin suppression in people determined a peak spectral sensitivity (λ max ) in the region 455-465 nm (Brainard et al., 2001; Thapan et al., 2001 ). This value is substantially short-wavelength shifted relative the peak spectral sensitivity (∼480 nm) of melanopsin (Bailes and Lucas, 2013) , suggesting a positive contribution of S-cones to this aspect of physiological regulation. It should be noted, however, that a more recent study of melatonin suppression using monochromatic lights with matched photon density found a peak at 480 nm (Najjar et al., 2014) , suggesting that melanopsin makes the dominant contribution. Nonetheless, two studies investigating melatonin suppression by exposure to different polychromatic light sources have provided evidence for sub-additive responses that could be indicative of cone-opponent inputs (Figueiro et al., 2004; Revell et al., 2010) , although a follow up study by the authors of one of those papers failed to find an opponent effect of combining short and long wavelength monochromatic stimuli (Papamichael et al., 2012) . One model of the human circadian system explicitly includes an Sopponent input (Rea et al., 2010) but the evidence supporting such a role is far from conclusive. Red-green color-deficient people show no difference in acute melatonin suppression, indicating that a functional L/M-cone system is not a necessary condition for circadian phase effects (Ruberg et al., 1996) .
Circadian phase shifting
Contributions of color opponency to circadian photoentrainment have never been directly investigated. A study comparing the effects of blue (460 nm) and green (555 nm) light administered in the evening indicate that the effects of the green light on both melatonin suppression and circadian phase shifting could not be accounted for by the activation of melanopsin only, suggesting a role for cones in these responses (Gooley et al., 2010) . These influences were found to decay with continued exposure to the light. Importantly, this study and others (e.g. Najjar and Zeitzer, 2016) indicate that the sensory pathways mediating melatonin suppression and circadian phase shifting may be different in their temporal sensitivity and spectral sensitivity. Therefore, even if melatonin suppression was driven by an S-opponent pathway, this may not hold for phase shifting.
6. Future directions to study color sensitivity in human NIF visual function
Light adapted circadian photosensitivity
In people, prior light exposure strongly influences experimentally observed effects of light on both melatonin suppression (Gooley et al., 2011; Hebert et al., 2002; Smith et al., 2004) and circadian phase shifting (Chang et al., 2011) . In particular, because of decreases in sensitivity due to prior exposure, studies examining the spectral sensitivity of the human circadian system have used light stimuli against a dark or dim background, thus producing an increase in all photoreceptors from their dark or dim adapted state. As discussed in detail above, this procedure may not reveal chromatic inputs into the visual response studied. In an alternative approach, the observer would be adapted to a large background field of known wavelength or spectral composition and sensitivity to flashes of different wavelengths is measured. This is equivalent, in logic, to action spectroscopy against a dark background except that the background is a light. This approach, developed by W. S. Stiles (Stiles, 1959 (Stiles, , 1978 , has unmasked the color sensitive mechanisms in human IF vision and could be adapted to measure incremental color thresholds of human NIF vision.
Method of silent substitution
Another approach to uncover color coding is the method of silent substitution (Estévez and Spekreijse, 1982) , which allows for the selective stimulation of different photoreceptor classes, and may provide experimental leverage to study how photoreceptors combine to drive the effects of light on human chronobiology. In the method of silent substitution, pairs of lights are selected such that when alternating between them, the exitant light only stimulates the targeted photoreceptor class(es), while the change in light does not affect the silenced photoreceptor class(es) and is thus invisible to them (Estévez and Spekreijse, 1982) . Using n light sources, it is possible to silence n-1 photoreceptor classes, and excite the remaining target class. In order to study the photoreceptor inputs to the circadian system in humans (three cone classes, rods, and melanopsin), at least five independent light sources are necessary. Although silent substitution has not to our knowledge been employed to study human circadian biology, it has been successfully employed to study the role of melanopsin, as well as the interactions between melanopsin and the cones (Barrionuevo and Cao, 2016; Cao et al., 2015; Fukuda et al., 2010; Spitschan et al., 2014; Tsujimura and Tokuda, 2011; Viénot et al., 2010) , and may be a useful method to probe the photoreceptor mechanisms in the human NIF visual system.
Conclusion
Opposite responses to light of different wavelengths are present in unicellular organisms, suggesting that sensitivity to color in encoding diurnal variations in the light environment may be a key early evolutionary adaptation. Color-opponent responses have been welldocumented electrophysiologically in the pineal/parietal organs of fish, amphibians and reptiles, in the SCN of mice, and are a property of melanopsin-containing retinal ganglion cells in primates. Color opponency for NIF vision represents an important emerging area of investigation.
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